ABSTRACT: A mortise-tenon steel-tube scaffold, a new steel-tube scaffold, was presented based on ancient mortise-tenon joint in wood structure. Because of better joint mechanics and higher bearing capacity than coupler-type steel-tube scaffold, this new scaffold possesses good market potential. Based on an analysis of the bearing mechanism, a finite element numerical analysis model for the mortise-tenon steel-tube scaffold was established in this study, which was validated as reasonable and accurate by experiment data. Influencing laws of storey height, vertical member interval, X-bracing layout, overall structure height, height of bottom horizontal tube, and height of upper cantilever bar on the mortise-tenon steel-tube scaffold were determined through parameter analysis. A simplified calculation formula of ultimate bearing capacity was established, which verified by FEM results and test data. Research results provide important references for future in-depth studies and engineering applications of the mortise-tenon steel-tube scaffold.
INTRODUCTION
Scaffolds have been widely used in engineering construction as temporary supporting structures. Existing common scaffolds mainly include door-type steel-tube scaffold (Figure 1a ), inserting-type steel-tube scaffold (Figure 1b) , cuplock steel tubular scaffold ( Figure 1c ) and coupler-type steel-tube scaffold (Figure 1d ). Because the scaffolds are usually used as a temporary supporting structure, its structural behavior and design method have not attracted adequate attention. In recent years, scaffold collapse accidents have occurred frequently because of poor site management and unreasonable design, thereby causing huge economic losses and casualties. Therefore, research on structural behavior and design method of scaffolds has attracted increasing attention in recent years.
Although the scaffold is a temporary structure, its mechanical properties are more complicated than those of a permanent steel structure because of complicated structural defects and damage distribution caused by repeated use. Chan et al. [1] , Peng et al. [2] [3] [4] [5] [6] , Yu et al. [7] , and Weesner and Jones [8] conducted numerous experimental and theoretical studies on the stability capacity and design method of door-type scaffolds. Micha and Blazik-Borowa [9] determined the capacity of the key joint in inserting-type scaffolds using numerical analysis. Peng et al. [10] investigated the load capacities and failure modes of inserting-type scaffolds by experimental tests. Zhang et al. [11] [12] [13] conducted research on cuplock-type scaffolds using the probability-based design method. Beale et al. [14] [15] [16] , Ao et al. [17] , Yue et al. [18] and Liu et al. [19] [20] conducted systematic studies on stability capacity and design method of multi-span coupler-type steel-tube scaffold using experimental research and numerical analysis. Engineering accident analysis shows that unstable connection performance of joints is the main cause of scaffold collapse [21] . To search for a safe and stable scaffold system, Tianjin University and Tianjin Xunan Jiahui Building Materials Technological Co. Ltd. developed the mortise-tenon steel-tube scaffold based on mortise-tenon joint in ancient wood structure. In this study, a numerical analysis model was proposed to analyze the structural behavior of effects of the mortise-tenon steel-tube scaffold, which was verified by experimental data. And a simplified calculation formula is also proposed to predict the ultimate bearing capacity of the mortise-tenon steel-tube scaffold.
STRUCTURAL DETAIL OF MORTISE-TENON STEEL-TUBE SCAFFOLD
The mortise-tenon steel-tube scaffold is composed of horizontal members, vertical members, adjustable support brackets, and ground members as shown in Figure 2 . The adjustable support brackets are placed on top of the vertical members for transmitting construction loads. The ground members are set at the bottom of the vertical members to increase stability of the structure. Compared with existing common scaffolds, the mortise-tenon joint is the main innovative point for the mortise-tenon steel-tube scaffold. The design of the mortise-tenon joint is inspired by the mortise-tenon joint in ancient wood structure. In fact, the mortise-tenon joint is a wedged concave-convex connection mode. The wedged convex is the tenon and the wedged concave is the mortise as shown in Figure 3 and Figure 4 . The horizontal members are P48.3 mm × 3.5 mm standard steel tube with the tenon at two ends ( Figure 3 ). The vertical members are P48.3 mm × 3.5 mm standard steel tube with the mortise rings ( Figure 4 ). The tenon on the horizontal member is inserted into the mortise ring of the vertical member, which achieves the connection of horizontal and vertical members ( Figure 5 ). Since the mortise-tenon joint has good shear capacity and rotational rigidity, the bearing capacity of the mortise-tenon steel-tube scaffold was higher than that of other scaffolds.
The sleeve coupler is used to connect the vertical steel tubes as shown in Figure 6 . The swivel coupler is used to connect the vertical steel tubes and X-bracing steel tubes as shown in Figure 7 . 
NUMERICAL ANALYSIS MODEL

Finite element Model
The mortise-tenon joint is a typical semi-rigid node. Thus, the mortise-tenon steel-tube scaffold is a semi-rigid framework structure. In this study, a semi-rigid finite element model for the mortise-tenon steel-tube scaffold was established by ANSYS to accurately analyze its structural behavior.
In the mortise-tenon steel-tube scaffold, the vertical members are continuous at the mortise-tenon joint. The horizontal members are broken at the joint and form the framework structure with the vertical members through the mortise-tenon joint. In this paper, the horizontal and vertical members were simulated by BEAM188 element and the connection of the horizontal and vertical members was simulated by COMBIN14 element, thereby achieving the semi-rigid simulation of the mortise-tenon joint. The datailed modeling steps are as following:
Step 1: The horizontal and vertical member models are established by BEAM188 element according to spatial geometrical position of the structure. The vertical members have the same node at the mortise-tenon joint and the horizontal members have different nodes at the joint ( Figure 8 ).
To consider local instability of members, a member between every two joints is divided into 10 segments. In other words, each member are simulated by 10 BEAM188 elements. This model involves the local instability simulation of members and increases numerical analysis accuracy.
Step 2: Translational degrees of three nodes at the vertical-horizontal member joint (UX, UY, and UZ) are coupled by the finite element node coupling technology.
Step 3: COMBIN14 element is established by the horizontal member nodes and the vertical member nodes at the corresponding position. This element is used to simulate semi-rigid features of the mortise-tenon joint. Rigidity value of the COMBIN14 element was determined by tests as shown in Section 3.2.
Step 4: Natural pressure contact occurs between the vertical member and the ground. No relative slippage between members and the ground is found in engineering applications and prototype test. Therefore, a hinge joint can be set at the bottom of the vertical members of the mortise-tenon steel-tube scaffold. In other words, translational degrees of freedom of the bottom nodes of vertical members are constrained. Concentrated force is applied at the top nodes of the vertical element of scaffold structures.
Step 5: The first buckling mode identified from the eigenvalue buckling analysis was generally considered as the most critical one, and applied as initial geometric imperfection in the nonlinear analysis. According to literature, the maximum imperfection allowed in practice is 0.05 m for scaffolds with height less than 10 m. Therefore, an initial geometric imperfection was applied to the model with amplitude of 0.05m and a shape of the first buckling mode.
Step 6: Using Newton-Raphson solving method, the second-order analysis considering the geometric nonlinear effect and material nonlinear effect are accomplished to determine the nonlinear buckling strength and failure mode of the scaffold. 
Values of Key Parameters in FE Model
In the finite element model, the stress-strain relation of steel tubes was simulated by the ideal elastic-plastic model. When analyzing the structural performance of the prototype tested specimens, the basic mechanical properties of the steel tubes (Material model 1 in Table 1 ) were collected through static tension test. For structural parameter analysis of the mortise-tenon steel-tube scaffold, the basic mechanical properties of the steel tubes (Material model 2 in Table 1 ) were determined according to national code. Rotational stiffness and shear strength of the mortise-tenon joint was determined by tests [21] . The rotational stiffness of three mortise-tenon joint specimens was tested by the loading program in Figure 9 . Three Moment-Rotation curves were obtained, as shown in Figure 10 . According to the curves in Figure 10 , the initial rotational stiffness of three mortise-tenon joints specimens were calculated through linear fitting, and their values were 13.38, 16.07, and 19.80 kN m rad  respectively. For vertical members of the mortise-tenon steel-tube scaffold, the horizontal members on two sides are connected by two mortise-tenon joints ( Figure 5 ). For the coupler-type steel-tube scaffold, the horizontal members on two sides of the vertical members are connected by a right-angle coupler ( Figure 11) . Therefore, the rotational constraint stiffness of vertical members in the mortise-tenon steel-tube scaffold has much higher than that in the coupler-type steel-tube scaffold. Shear strength of the mortise-tenon joint was determined by the loading program shown in Figure  12 [21] . The shear strength of three mortise-tenon joint specimens was tested, and their shear strengths were 94.7, 92.2, and 93.5 kN respectively, which were much higher than the vertical shear strength of the right-angle coupler. 
Experimental Verification
A total of 11 mortise-tenon scaffold prototype tests were carried out from 2013 to 2014 at the Structural Engineering Laboratory of Tianjin University, and these test data were used to verify the accuracy of the numerical analysis model. Structural layout and basic geometric parameters of the 11 test models are shown in Figures. 13~14 and Table 2 . Four 10 m high loading frames were fabricated for the tests. Two 50-ton hydraulic jacks were fastened to the top of each loading frame, and applied vertical loads to the two top steel distribution beams. The loads were then transferred to a group of bottom steel distribution beams in the perpendicular direction, and finally to the scaffold system, as shown in Figure 15 . In this way, vertical uniform loads were applied to the top of the scaffold system through two steel tubes right below the bottom distribution beams and the U-heads. Based on the finite element analysis model presented in Sections 3.1 and 3.2, the ultimate bearing capacities and failure modes of these 11 test models were analyzed and compared with those from the test results. The results are presented in Table 3 and Figures. 15~17. As shown in Table 3 , the maximum error between the numerical analysis and test results of the ultimate bearing capacity is 30.87% and the average error are 11.02%. The buckling form of the mortise-tenon scaffold with X-bracing is mainly the local lateral buckling of the vertical members at the upper two-storey vertical members as shown in Figure 15 . The buckling form of the mortise-tenon scaffold without X-bracing is mainly the overall lateral buckling of the structure as shown in Figure 16 . The prototype test model of the mortise-tenon steel-tube scaffold (ST5) has consistent structural parameters of the prototype test model of the coupler-type mortise-tenon steel-tube scaffold (ST6) [19] . Their ultimate bearing capacities are 69.4 kN and 20.68 kN, respectively. Under the same structural parameters, the ultimate bearing capacity of the mortise-tenon steel-tube scaffold is approximately 235.59% higher than that of the coupler-type steel-tube scaffold. 
ANALYSIS OF STRUCTURAL PERFORMANCE
In this section, the effect of structural parameters on structural behavior of the mortise-tenon steel-tube scaffold is discussed using the numerical analysis method. In the numerical simulation of the mortise-tenon steel-tube scaffold test model in Section 3, the basic mechanical parameters of the steel-tube materials were determined through static tension tests so that the numerical simulation would approximate the actual performance of the test model. However, the purpose of numerical analysis of the mortise-tenon steel-tube scaffold in this section was to provide references for engineering applications. Therefore, the mechanical properties of the steel-tube materials in this section were determined according to the national code (Material model 2 in Table 1 ).
In the engineering application of the mortise-tenon steel-tube scaffold, the steel tube and mortise-tenon joint are constants for the easy materials reuse. The steel tube generally uses P48 mm × 3.5 mm and the mortise-tenon joint matches that of the steel tube. Therefore, the main influencing factors of the structural performance of the mortise-tenon steel-tube scaffold are the geometric parameters, including storey height, vertical member interval, height of bottom horizontal tube (H_3 shown in Figure, 2), height of cantilever bar (H_2 shown in Figure, 2), overall structure height and X-bracing layout. In this study, the effects of these factors were studied through a series parameter analysis.
To analyze the effects of storey height and vertical member interval on the structural performance, the overall structure height, height of the bottom horizontal tube, and height of the cantilever bar were fixed at approximately 8m, 0.35m, and 0.4 m respectively, and No X-bracing was used. A total of 25 structural models with different storey height and vertical member intervals were established. Their ultimate bearing capacities were obtained as shown in Figures. 18 and 19 . It is clear that the vertical member interval had a minor effect on the ultimate bearing capacity, but the storey height influenced significantly. The ultimate bearing capacity decreased by approximately 13%-23% when the storey height increased by 0.3 m. The smaller the structure height is, the greater is the bearing capacity reduction. To analyze the effects of the height of the bottom horizontal tube and the height of the cantilever bar on the structural performance of the mortise-tenon steel-tube scaffold, the overall structure height, storey height, and vertical member interval were fixed at approximately 8m, 0.9m-1.8m, and 0.9m respectively. No X-bracing was used. A series of analysis models were established with different height of the bottom horizontal tube and height of the cantilever bar. In the parameter analysis of height of the bottom horizontal tube, the height of the cantilever bar was fixed at 0.4 m.
In the parameter analysis of the cantilever bar height, the height of the bottom horizontal tube was fixed at 0.35 m. Results are presented in Figures. 20 and 21 . It is clear that when the storey height was higher than 0.9 m, the height of the bottom horizontal tube and the cantilever bar basically had little effect on the ultimate bearing capacity. When the storey height was less than 0.9 m, the height of the bottom horizontal tube was less than 0.3 m, and the height of the cantilever bar was less than 0.4 m. The ultimate bearing capacity of the structure remained basically the same despite the height variation of the bottom horizontal tube and the cantilever bar. When the storey height is more than 0.9 m, the height of the bottom horizontal tube increases to 0.4 m and 0.5 m, and the ultimate bearing capacity decreases by 9% and 19% up to the maximum; when the cantilever height increases to 0.5 m, the ultimate bearing capacity decreases by 7% up to the maximum. In order to analyze the effect of X-bracing on the ultimate loading capacity, the X-bracings were set in all models established for the storey height and vertical-member interval parameter analysis. The analysis results were shown in Figure 22 , and it is clear that the X-bracing layout have strengthened the ultimate bearing capacity significantly. The strengthen effect is closely related to the storey height but less correlated to the vertical member interval. The average strengthen coefficients of the ultimate bearing capacity were 1.0, 1.24, 1.45, 1.49, and 1.30 when the storey heights were 0.6, 0.9, 1.2, 1.5, and 1.8 m.
(a) Variation of storey height (b) Variation of vertical member interval Figure 22 . Effect of X-bracing Layout on Ultimate Bearing Capacity
The effect of the overall structure height on the ultimate bearing capacity was also studied through a series of models without X-bracing. In these models, the overall structure height was different, but the vertical member interval (0.9 m), storey height (0.9, 1.2, or 1.5 m), height of bottom horizontal tube (0.35 m), and height of cantilever bar (0.4 m) were fixed. The analysis results are shown in Figure 23 . The overall structure height affected the ultimate bearing capacity significantly. Such an effect decreased with the increase of the overall structure height. Furthermore, the negative correlation between the overall structure height and the ultimate bearing capacity was further intensified as the storey height increased. When the overall structure heights were 8, 12, 16, and 20 m, the ultimate bearing capacity decreased by approximately 19%, 27%, 30%, and 29% compared with the capacity when the overall structure height was 4 m. 
DESIGN METHOD
Based on parameter analyses in Section 4, the main influencing factors om the ultimate bearing capacity of the mortise-tenon steel-tube scaffold are storey height, height of bottom horizontal tube, height of cantilever bar, X-bracing layout, and overall structure height. Among them, storey height is the most important influencing factor. In this section, coefficients 1  , 2  , 3  , and 4  were introduced to consider the effects of the X-bracing layout, height of bottom horizontal tube, height of cantilever bar, and overall structure height on the ultimate bearing capacity respectuvely. The ultimate bearing capacity of the mortise-tenon steel-tube scaffold was calculated from
where f N is the standard value of the ultimate bearing capacity of the mortise-tenon steel-tube scaffold without X-bracing. This value is only related to storey height and can be determined according to Table 4 ; 1  is the influence coefficient of X-bracing, which is only related to storey height and can be determined according to Table 5; 2  is the influence coefficient of the height of the bottom horizontal tube, which is only related to the height of the bottom horizontal tube and can be determined according to Table 6; 3  is the influence coefficient of the height of the cantilever bar, which is only related to the height of the cantilever bar and can be determined according to Table 7; 4  is the influence coefficient of overall structure height, which is related to the overall structure height and storey height and can be determined according to Table 7 ; s  is the safety factor and is determined as 1.5 according to engineering experiences [22] .
To verify the calculation accuracy of the proposed prediction formula (1), 11 structural models of the mortise-tenon steel-tube scaffold were designed randomly. The ultimate bearing capacities were determined by both FE numerical analysis method presented in Section 4 and the proposed prediction formula (1) . Comparison results are listed in Table 8 . The maximum error between the calculated results and the FE numerical simulation results was 6.08%, which could meet engineering application requirements. 
CONCLUSIONS
The structural performance of the mortise-tenon steel-tube scaffold, a new scaffold system, was studied through finite element numerical simulation. A simplified calculation formula of the ultimate bearing capacity is also presented in this paper. Based on this study, the following conclusions are obtained:
1) A numerical analysis model for the mortise-tenon steel-tube scaffold is presented based on the finite element method and semi-rigid frame theory, which was verified by 11 prototype test data.
2) Under the same structural parameters, the ultimate bearing capacity of the mortise-tenon steel-tube scaffold without X-bracing is approximately 235.59% higher than that of the coupler-type scaffold. Therefore, the mortise-tenon steel-tube scaffold has significantly better structural performance than the coupler-type scaffold.
3) The X-bracing layout, storey height, and overall structure height influence the ultimate bearing capacity of the mortise-tenon steel-tube scaffold significantly, but the vertical member interval, height of bottom horizontal tube, and height of cantilever bar influence the ultimate bearing capacity slightly.
4) When the storey heights are 0.6, 0.9, 1.2, 1.5, and 1.8 m, the ultimate bearing capacities of the scaffold with X-bracing increase by 1.0, 1.24, 1.45, 1.49, and 1.30 times more than those of the scaffold without X-bracing. 5) When the overall structure height is 8, 12, 16, and 20 m, the ultimate bearing capacities are approximately 19%, 27%, 30%, and 29% lower than the capacities when the overall structure height is 4 m. 6) A calculation formula was presented to calculate the bearing capacity of the mortise-tenon steel-tube scaffold, and the maximum error between calculated results of the simplified calculation formula and the finite element numerical simulation results was 6.08%.
